1 0 7 5 a r t i c l e s Dynamic remodeling of the actin cytoskeleton by actin-binding proteins (ABPs) is critical to many biological processes, including endocytosis, cell motility and cell division. This remodeling is linked to actin-filament age via a nucleotide-related clock. Actin filaments are distinctively different in their ATP-and ADP-bound states. ADP-bound, 'older' filaments (in which inorganic phosphate (P i ) has been released after ATP hydrolysis) were previously reported to be less stable 1 and to have more internal flexibility 2,3 relative to ATP and ADP-P i filaments. In particular, the lower-stability ADP-actin filaments have a higher dissociation rate constant at the barbed ends than either ATP-actin or ADP-P i -actin filaments and lower association rate constants at both ends than ATP-actin filaments 4 . Biochemical evidence has suggested that structural changes in subdomain 2 of ADP-F-actin are correlated with its lower stability 5, 6 . Cellular remodeling of actin structures includes, among other processes, filament severing, depolymerization and polymerization. The ADF and cofilin protein family is the main factor involved in actin filament severing 7, 8 , and members exhibit a strong preference for older filament segments (i.e., those in the ADP state). Cofilin severs F-actin more efficiently at subsaturating concentrations 8 at the boundaries between bare and decorated filament regions 9 . The Arp2/3 complex, a frequent partner of ADF and cofilin in the rapid reorganization of actin structures at the edge of the cell, stimulates new actin polymerization in branches radiating from the sides of existing filaments. The branch segments appear to be more stable in the ATP or ADP-Pi states of filaments 10,11 . However, despite functionally important differences in the affinities of some ABPs for the ATP, ADP-P i and ADP states of actin, such binding differences have not yet been examined by detailed structural analysis.
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We obtained pseudoatomic models of F-actin-coronin complexes by docking atomic models of individual subunits into these two structures. These models led us to predict the interactions of the two proteins at residue-level detail. We provided independent experimental validation of these findings, using structure-based mutagenesis, chemical crosslinking methods and fluorescence measurements. Our results provide structural evidence for differential recognition of F-actin nucleotide states by one of F-actin's cellular binding partners. Furthermore, they suggest a mechanism for coronin's regulatory effects on remodeling of F-actin by cofilin and/or the Arp2/3 complex.
RESULTS

Coronin-bound ADP-F-actin and ADP-BeFx-F-actin structures
We observed in cryo-EM images that full-length Crn1p generated arrays of actin filaments (Supplementary Fig. 1 ), which were too dense for analysis by single-particle reconstruction methods. Consequently, we used a coronin construct (Crn1∆CC; residues 1-600) lacking the CC domain, which is responsible for coronin oligomerization and actin bundling 23 . Class-average images of filament segments of these two complexes decorated with either full-length coronin or Crn1∆CC were indistinguishable by two-dimensional classification-averaging analysis. Crn1∆CC was also shown previously to function similarly to the full-length protein and to synergize with cofilin both in the in vitro and in vivo assays 25 . Therefore, we chose to pursue our structural analysis of coronin-bound F-actin by using Crn1∆CC.
Crn1∆CC extensively decorated both ADP-bound and ADP-BeFxbound F-actin ( Fig. 1 and Supplementary Fig. 2 ) at a coronin/actin molar ratio of 3:1 to 4:1 (with actin set at 2 µM). At higher molar ratios, the background density of unbound coronin was limiting for structural analysis. In our images, the electron densities of coronin had a lower intensity than those of actin subunits, thus indicating that the decoration occupancy was probably less than 1:1 (coronin/actin). Alternatively, this lower density could result from the variable twist of F-actin, which has a stronger blurring effect at higher radius densities.
The resolutions of coronin-decorated ADP-F-actin and ADPBeFx-F-actin structures are both 8.6 Å, as determined by the 'gold standard' 0.143 Fourier shell correlation criteria. At this resolution, every α-helix and some β-sheets of the actin subunits could be identified in the map (Fig. 1) , and every β-sheet from the seven-bladed β-propeller of coronin could be visualized. Overall, actin subunits from both the ADP and ADP-BeFx states closely resemble the previously determined F-actin structures 26, 27 . The two actin nucleotide states have helical symmetries of 165.9° and 166.3° per subunit for ADP-F-actin and ADP-BeFx-F-actin, respectively (as reported from the customized Relion program, Online Methods). Actin subunits are similar in both states, with nearly all secondary-structure elements superimposable (Fig. 1d,h ).
Coronin footprint on ADP-F-actin and ADP-BeFx-F-actin
We obtained pseudoatomic models for the two nucleotide states of the actin-coronin complex by fitting the atomic model of F-actin 26 (per subunit) and the yeast homology model of the mouse coronin crystal structure 21 into our cryo-EM density maps. Both models could be unambiguously docked into their corresponding densities in both states (Fig. 1c,d,g,h) . (For the pseudosymmetry of coronin, only one out of seven possible dockings was significantly favored, as indicated by the docking scores (Supplementary Fig. 3) .) Coroninactin interaction sites identified by this docking agree with the binding effects of actin mutagenesis reported below. They are also consistent with the loss of actin affinity of the coronin mutants 25 Crn1-2 (K10A R12A), Crn1-6 (R141A K142A), Crn1-13 (K295A D297A), Crn1-17 (E320A R323A) and Crn1-19 (R361A R362A E364A E365A). These indicated coronin residues and the critical actin residues identified by our mutagenesis experiments (below) are located at the coronin-actin interface suggested by our pseudoatomic models, thus validating these models.
In models for both nucleotide states, the common contacts of coronin were to subdomains 1 and 2 of 'i' actin and to subdomain 1 of 'i + 2' actin, i.e., the consecutive subunit along the same filament strand (Figs. 2 and 3 and Supplementary Video 1; details discussed below). However, the interaction of coronin with the opposite strand of the filament differed notably between the two states. In ADP-Factin, we observed that coronin straddled the two filament strands by making extensive contacts to the opposite strand (through subdomains 3 and 4 of its 'i + 1' actin and subdomain 4 of its 'i − 1' actin) (Fig. 2a) . This interaction may involve charge complementarity between i + 1 actin's residues Asp222, Lys315 and Glu316 and their respective pairs on coronin, Lys20, Glu22 and Lys21 (Fig. 2a) . In contrast, coronin contacts to the other strand are weak in the ADP-BeFx state 28, 29 (mimicking the ADP-P i state of the filament 30 ) and involve subdomain 4 of the i + 1 actin only slightly (Fig. 2b) . One likely charge interaction in this state could be between Lys21 and Lys69 of coronin and Glu224 on subdomain 4 of i + 1 actin. These residues are close together and could interact by charge complementarity when in favorable rotamers (Fig. 2b) .
The difference between the two binding modes of coronin can be explained as a rotation by approximately 20° around an axis passing through residues Asp183, Arg202 and Lys227 of coronin ( Fig. 2a and Supplementary Video 1). As a result of this rotation, the interface of coronin with subdomain 1 of actin subunit i in both ADP and ADP-P i states was largely preserved. However, distant contacts with actin Another difference between the two nucleotide-state structures appears in the interaction of coronin with subdomain 1 of actin subunit i + 2 (Fig. 2) . In our model of the ADP state, the C-terminal loop of actin (residues 371-375) faces a hydrophobic environment on coronin composed of His13, Phe15, Phe358 and Pro360 (Fig. 2c) . In contrast, our model of the ADP-BeFx state shows that the same actin loop faces a polar environment on coronin, composed of residues 17-22 (Gln17, Lys20, Lys21 and Glu22) (Fig. 2d) . To test this, we attached a small fluorescent probe, acrylodan, to actin's C-terminal Cys374. In agreement with our models, coronin binding caused a larger blueshift in the spectrum of acrylodan-labeled ADP-F-actin than acrylodan-labeled ADP-BeFx-actin (Fig. 2e,f) , thus supporting its greater burial in a hydrophobic environment in the ADP-F-actin. Notably, binding of several other ABPs to actin has also been shown to be modulated by conformational changes in actin's C-terminal region [31] [32] [33] .
Ionic interactions govern coronin binding to F-actin
Pseudoatomic models of the actin-coronin complexes suggest that major interactions between coronin and F-actin are predominantly electrostatic and similar in both nucleotide states. Indeed, an increase in the buffer ionic strength (from 50 mM to 150 mM KCl) decreased Table 1) . The proposed interface between coronin and actin shows good charge and shape complementarity. Actin i, which has the greatest contact area with coronin ( Fig. 3a) , has extensive electrostatic interactions with a prominent positively charged 'corridor' on the 'top' surface of the coronin's β-propeller domain (Fig. 4) . The charged corridor on coronin is composed of Lys204, Lys227 and Lys247 and Arg323. These three lysines interact synergistically and respectively with Glu99, Glu83 and Glu100 on actin i (Fig. 3d) . In our model, Arg323 is in proximity (4-6 Å) to actin's Asp80-Asp81 acidic patch. These putative ionic interactions with coronin span the entire actin helix 78-92, with an extension to Glu100. Because this charged corridor largely coincides with the rotation axis (described above), its interactions with both ADP and ADP-BeFx actins are mainly preserved (Supplementary Video 1).
Another important charge-interaction region at the actin and coronin interface in our model involves a cluster of actin residues (Glu361, Asp363 and Glu364) and coronin arginines (Arg361 and Arg362) (Fig. 3c) . Actin's Asp363 and Glu364 make contacts with two consecutive coronins along the same actin filament strand (or, conversely, two different regions of the same coronin molecule contact the Asp363-Glu364 patch on two consecutive actin monomers in the same long-pitch strand (Fig. 3c) ). Specifically, Asp363 and Glu364 of i actin are in proximity to coronin's Arg141 and Lys142. Residues Glu361, Asp363 and Glu364 on the neighboring (i + 2) actin are positioned close to the same coronin's Arg361 and Arg362. This arrangement occurs in both nucleotide states of actin, albeit with different charge-charge interactions being coupled in each case, as described above (Fig. 3c) .
Other noticeable interactions between coronin and actin in our model include Lys50 (on i actin's D loop), which interacts with a patch of negative charges on coronin around Asp273 (Fig. 3b) . In addition, i actin's Lys37 faces another patch of negative charges on coronin concentrated around Glu320 (Fig. 3b) . The two patches are positioned similarly in both nucleotide-state models; however, the intrinsic flexibility of the D loop, the presence of oppositely charged Asp51 and the insufficient resolution of our structures make it difficult to accurately compare these regions in the two nucleotide states. Importantly, the C terminus and the D loop of actin are well-recognized nucleotide-state sensors of actin (reviewed in ref. 34 ). We therefore speculate that the differences in coronin binding to ADP and ADP-BeFx actin originate from nucleotide-dependent conformational transitions in these areas.
We verified the importance of the interactions reported above via mutagenesis of actin and by determining the binding affinity of mutant ADP-bound actins for coronin (Table 1 and Supplementary  Figs. 4 and 5) . On the basis of our pseudoatomic model of the coronin-actin complex, the lysine patch 204-207 on coronin has a crucial role in actin binding. Indeed, mutating complementary residues on actin (Glu99 and Glu100) to alanines caused the binding affinity of coronin for F-actin to decrease 18-fold compared to that for wild-type actin. Glu83-Asp84 and Asp363-Glu364 of actin are also critical for coronin's binding. Their substitution with alanines decreases the binding affinity of these mutants seven-and five-fold, respectively. Interestingly, Asp363-Glu364 are located at the border between two consecutively bound coronin molecules, thus making it possible for this negative patch on actin to contribute to the binding of both coronins. Moreover, the sensitivity of actin's C terminus to the nucleotide state argues for its role in the observed nucleotide-dependent interaction patterns of coronin and actin. In line with the results of the above actin mutations, mutants of complementary residues on coronin identified in this study (Arg141-Lys142 in one positive patch and Arg361-Arg362 in another) were previously shown to severely affect coronin's binding to F-actin 25 . Other mapped interactions of coronin with actin contribute less to their binding energy, thus resulting in up to a two-fold affinity decrease when the respective actin residues are mutated to alanine ( Table 1) .
In another approach to test actin's charge interactions with coronin, we carried out zero-length chemical cross-linking with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) [35] [36] [37] . EDC Table 1 Summary of Crn1-DCC binding affinities for wild-type and mutant yeast actins npg a r t i c l e s can be used to activate acidic residues on actin, mainly at its N terminus, and then to covalently link them to amine groups in the bound protein [35] [36] [37] . We observed that EDC-activated skeletal α-actin filaments could be covalently cross-linked to coronin (Fig. 5a) . The crosslinking may occur to the N terminus of coronin. This is suggested by the proximity of actin's N terminus in the cryo-EM map (Fig. 5b) to the extra density that can be ascribed to the N-terminal residues of coronin ( Fig. 5c) . Interestingly, yeast coronin cross-linked less efficiently to yeast actin than to rabbit skeletal α-actin (Fig. 5a ). This was most probably because yeast actin's N terminus contains only two negatively charged residues, whereas α-actin's N terminus contains four (Fig. 5) . Indeed, when we used a yeast actin mutant with a neutralized N terminus, D2N E4Q (DNEQ actin) 38 , its EDC-activated cross-linking to coronin was the lowest (Fig. 5a) . A minor amount of cross-linked actin-coronin complex formed with that actin mutant (Fig. 5a ) could arise from EDC activation of actin residues Glu99-Glu100 (ref. 39) and Asp363-Glu364 (refs. 36,37). Interestingly, DNEQ actin and yeast actin with its three N-terminal residues deleted (∆DSE 38 ) showed less than 50% change in their binding affinity for coronin relative to wild-type actin (Table 1) , thus indicating a low overall contribution of actin's N terminus to coronin binding.
DISCUSSION
Our structural analysis of coronin-actin complexes stems from our interest in deciphering coronin's roles in assisting Arp2/3 complex-mediated actin branching and in regulating the nucleotidedependent severing of actin filaments by cofilin (reviewed in refs. 12,13). The initial step toward understanding the mechanism of such complex interactions and effects of coronin is to obtain a structural map of its complex with actin filaments in both the ADP and ADP-P i (ADP-BeFx in this study) states. Low-resolution negative-stain EM analysis of coronin-F-actin led to specific predictions of contact surfaces between these proteins 40 . However, mutational scanning of clusters of charged residues on coronin and assays of their effect on the affinity for actin suggested a set of different actin-interaction sites on coronin 25 . The pseudoatomic models of coronin-F-actin structures (in ADP and ADP-BeFx states) derived from our cryo-EM data ( Fig. 1 and Supplementary Fig. 2) are consistent with the loss of affinity for actin in the coronin mutants 25 Crn1-2 (K10A R12A), Crn1-6 (R141A K142A), Crn1-13 (K295A D297A), Crn1-17 (E320A R323A) and Crn1-19 (R361A R362A E364A E365A). All of these clusters are located at the coronin-actin interface proposed in the present study (Figs. 2 and 3, Supplementary Fig. 4 and Supplementary Table 1). Our ADP-actin-coronin model suggests that the coronin residues identified by Gandhi and co-workers 25 make contacts with actin residues 37, 39, 50, 51, 80-84 and 360-364 (Supplementary Table 1 and Figs. 2 and 3) . Indeed, our results (Table 1 and Supplementary Fig. 4) showed that ADP-actin filaments of R37A R39A, K50A D51A, D80A D81A, E83A D84A and D363A E364A mutants had a decrease of at least two-fold in their binding affinity to coronin. The affinity decrease was greater when a mutation on actin affected several corresponding binding sites on Crn1-∆CC, for example, D363A E364A (Supplementary Table 1) . Notably, as predicted by our model of actin-coronin contacts, mutation of Glu99 and Glu100 had a large impact on coronin-actin binding ( Table 1) . The interest in this site is augmented by its contribution to the binding of several other ABPs such as myosin [41] [42] [43] , drebrin 44 , actobindin 45 and even a glycolytic enzyme, aldolase 46 . Conceivably, such interactivity of this site may be implicated in competitive compartmentalization of these, and perhaps other, F-actin-binding proteins in various regions npg a r t i c l e s of the cell. Overall, both actin-based mutagenesis and cryo-EM-based models are in agreement with the actin binding footprint on coronin identified by Gandhi and co-workers 25 . Obviously, the actin-coronin structure reported here is at higher resolution and is more comprehensive than in previous models (Fig. 1) . Functional assays of coronin's effect on actin-filament severing by cofilin have indicated that coronin should not interfere with cofilin binding to ADP-actin, even though it may inhibit cofilin binding to ATP-actin 13, 17 . Our work provides a structural explanation for the cooperation between cofilin and coronin. When we superimpose our models with Galkin et al.'s high-resolution cryo-EM model of F-actin and human cofilin 2 (ref. 24) , there is a partial clash of coronin and cofilin binding maps (Fig. 6a,b and Supplementary Video 2) in the ADP-P i state (simulated by the ADP-BeFx complex in this study). This suggests their binding competition and offers an explanation for coronin's protection of freshly polymerized filaments (mainly in the ADP-P i state) from severing. Importantly, in the ADP state of F-actin the steric clash observed between blade 5 of coronin and the N-terminal helix of cofilin is released (Fig. 6c) . Thus, as judged by the immediate proximity of the surfaces of coronin (this work) and cofilin 24 in the superimposed reconstructions (Fig. 6c) , coronin would allow and/or promote cofilin binding to result in greater severing in the ADP state of F-actin 17, 25 . Furthermore, because shearing of actin filaments by cofilin occurs mainly at the boundaries between cofilindecorated and undecorated segments 47 , it is plausible that coronin may support the formation of such boundaries by reinforcing the bare actin-like conformation at the sites that it occupies while also promoting adjacent binding of cofilin.
Next, to gain insight into the structural basis of concentrationdependent inhibition and activation of the Arp2/3 complex in the presence of coronin 12, 16 , we superimposed our actin-coronin models and the Arp2/3 complex-actin filament model 48 .The location of coronin on the mother filament overlaps with that of the Arp2/3 complex in both nucleotide models (Supplementary Fig. 6 ), because the footprints of coronin on actin i and i + 2 clash with ArpC3 and ArpC2-ArpC4, respectively. Therefore, at high levels of coronin decoration, binding of the Arp2/3 complex to F-actin would be inhibited, in agreement with previous structural findings 48 . However, under nonsaturating conditions coronin and Arp2/3 complex can bind next to each other and even promote mutual recruitment to actin filaments. This is consistent with the reported coronin concentration-dependent switch of the Arp2/3 complex's activity 12, 16 .
Nucleotide-based conformational rearrangements in both G-and F-actin are critical in modulating and controlling actin dynamics at the cellular level. Several areas on the actin subunit are recognized as primary and secondary conformational sensors. The primary sensors are located in direct proximity to the nucleotide-binding cleft and transfer conformational changes from the nucleotide to peripheral sensors (reviewed in ref. 34 ). The secondary sensors are peripherally located; they control nucleotide-dependent differential binding of regulatory proteins. Among the four well-recognized peripheral sensory regions-the V stretch (residues 227-237) 49 , W loop (residues 165-172) 50 , D loop (residues 40-51) 51, 52 and C terminus 53 -the latter two make prominent contacts with coronin and are likely to contribute to the observed nucleotide-state differences. The D loop is not well defined in our reconstructions, and therefore its role in the observed transitions is speculative at this stage. However, the footprint of coronin binding to the C-terminal helix of actin (residues 350-364) clearly differs in the two nucleotide states, with more-prominent contacts detected in the ADP-BeFx state (Fig. 2c,d) . Mutations on actin that involve this region (Table 1) , as well as the corresponding mutations on coronin 25 , severely affect the affinity of these proteins for each other. Therefore, tighter binding of coronin to the C terminus of i + 2 actin in the ADP-BeFx state may override the larger contact area between coronin and the i + 1 actin subunit on the opposite strand of actin. The C terminus of actin, which participates in the binding of two consecutive coronin molecules, is known to be allosterically coupled 53 to the D loop, thereby adding indirect support for the role of these two areas in nucleotide-dependent regulation of coroninactin interactions.
In conclusion, we provided intermediate-resolution cryo-EM images of the coronin-actin complex and predicted protein-protein contacts with high precision. We also presented specific nucleotidestate differences in the structure of actin-coronin complexes. To the best of our knowledge, this is the first report of structural mapping of nucleotide state-driven differences in actin-ABP complexes, and it includes the best-resolution structures of such complexes. When combined with the previously reported structures of actin-cofilin and actin-Arp2/3 complex, our model offers structural explanations for coronin's regulation of cofilin and the Arp2/3 complex's interactions with ADP-actin and ADP-P i -actin.
METHODS
Methods and any associated references are available in the online version of the paper.
ONLINE METHODS
Purification of actin and Crn1∆CC. Rabbit skeletal-muscle α-actin was prepared according to Spudich 55 were purified by DNase I affinity chromatography 58 . Yeast actin was cycled after purification as previously described 58 and kept in buffer B (10 mM HEPES, pH 7.4, 1 mM dithiothreitol (DTT), 0.2 mM ATP, and 0.2 mM CaCl 2 ) on ice. Bacterial expression plasmids for full-length and GST-Crn1∆CC (residues 1-600) were kindly provided by B. Goode (Brandeis University) 25 . Coronin proteins were expressed in Escherichia coli strain BL21 (DE3) and purified as previously described 25 .
Preparation of coronin-actin complexes. Rabbit α-actin was dialyzed into buffer C (10 mM Tris, pH 7.5, 0.2 mM CaCl 2 , 0.2 mM ATP and 1 mM DTT). The resulting Ca-ATP-actin was exchanged to Mg-ATP-actin (with 50 µM MgCl 2 and 0.4 mM EGTA) over 5 min. Subsequently, 20 µM Mg-ATP-actin was polymerized with 1 mM MgCl 2 and 50 mM KCl for 15 min at room temperature and then kept on ice. ADP-BeFx-actin was prepared by incubation of F-actin with 0.1 mM BeCl 2 and 5 mM NaF for 1-2 h on ice. Coronin was dialyzed into buffer C containing 50 mM KCl. Samples for cryo-EM were prepared by dilution of ADP-BeFx-F-actin to 2 µM in the presence of 6-8 µM Crn1∆CC (final concentration). ADP-F-actin was prepared from Mg-ATP-actin in buffer C with additional 0.3 mM ATP. After 30 min polymerization at room temperature, 8 units/ml hexokinase and 1 mM dextrose were added to deplete the remaining ATP over 1 h, on ice. Samples for cryo-EM were later prepared by dilution of the stock ADP-F-actin (20 µM) to 2 µM in the presence of 6-8 µM Crn1∆CC with an F buffer (buffer C with 1 mM MgCl 2 , 50 mM KCl and no ATP) supplemented with 0.5 mM ADP.
Cryo-electron microscopy and refinement. An aliquot of sample was applied to Quatifoil 1.2/1.3 grids (with an actual hole size of 1.6 µm). These grids were treated with ethylene dichloride, coated with fresh carbon and baked under a 100-keV electron beam overnight 59 . The grid was then blotted and vitrified in liquid nitrogen-cooled liquid ethane, in a Vitrobot (FEI) machine. The vitrification parameters were: blot force, 1; blot time, 4 s; blot once; wait time, 2 s; drain time, 2s; sample volume applied to each grid, 2.5 µL.
Each grid was loaded into an FEI Titan Krios microscope with autoloader. The microscope was operated at 120 kV. Cryo-EM images were recorded digitally with a Gatan Ultrascan 16-megapixel CCD camera at 59,000× magnification. The calibrated pixel size is 1.437 Å. A total of 1,380 and 1,200 CCD frames were recorded for ADP and ADP-BeFx states, respectively. The defocus values ranged from 2 to 4 µm.
Image quality was then evaluated by Fourier transforms. Decorated actin filaments were selected manually with EMAN helixboxer 60 . A total of 883 and 348 images were used for the final reconstruction for ADP and ADP-BeFx states, respectively. Other images were rejected by evaluation of Fourier spectra. The selected filaments were segmented into boxes by 88% overlap, giving 53,001 and 45,307 boxes (103,800 and 88,080 asymmetric units) for ADP and ADP-BeFx states, respectively. (Each box has dimensions of 320 × 320 pixels, giving about 1 1/4 repeats of actin per box.) We then sorted each data set against our early reconstructions of coronin-decorated actin filaments in ADP and ADP-BeFx states and in undecorated actin filaments. In each data set, we kept the population that aligned best with the model corresponding to the desired state. (The alignments are scored by EMAN with Fourier-ring correlation option.) Among the selected particles, we cut off those with EMAN alignment scores that were one or more s.d. worse than average. The total numbers of boxes used for reconstruction were 31,141 and 26,805 (60,720 and 52,260 asymmetric units) for ADP and ADP-BeFx states, respectively. We then performed single particle-based helical reconstruction on each set of these particles. We used EMAN-based IHRSR 61 to generate an initial reconstruction for each of the two states. The initial models were generated similarly to previous models 62 . We used a customized version of Relion 63 to do real-space helical reconstructions and finalize the refinement. This 'helical' Relion contains an implementation of IHRSR methods based on Relion's software framework.
